In the present study, the formability of cold rolled and annealed steel sheets having carbon equivalent values in the range of 0.028 to 0.098 wt% were investigated. The steel sheet having the lowest carbon equivalent was a titanium-stabilized interstitial free steel, which established the highest strain hardening exponent, anisotropy coefficient and higher Forming Limit Diagram (FLD). Since plain strain intercept (FLD 0 ) is the most critical strain limit on the FLD, the empirical equations were derived between FLD 0 and microstructural features and mechanical properties. As a microstructural feature grain size and as a mechanical property anisotropy coefficient gave the most reliable correlations.
Introduction
Sheet metals are widely used in industry for manufacturing the most varied components and products. During forming operations, especially when subjected to combinations of stretching and drawing, they may fail due to localized necking and/or cracking or deviate in shape from the required part geometry. Losses (scrapping) caused by such failures affect the economy, continuity and quality of the production in a negative way.
Evaluation of cold formability is mostly made according to the results of tensile tests and simulation tests. Beside the fundamental stress-strain behavior, two further characteristics (strain hardening exponent and anisotropy coefficient) obtained by tensile tests are important for sheet metal forming operations. Strain hardening exponent (n) and anisotropy coefficient (r) are the measures for the resistance of the material to necking and thinning during plastic deformation, respectively. Since they are used to judge the stretchability and drawability for a combined forming operation, sheets should have both a very high n and r values for a successful forming. [1] [2] [3] In the steel industry, steel sheets are classified from commercial quality to extra deep drawing quality depending on their formability characteristics. For deep drawing quality steels, the typical values of n and r are 0.22-0.24 and 1.6-2.0, respectively. 1) Various simulation and technological test methods have been developed to fill the gap between the tensile test characteristics and actual processing behavior. Punch stretch tests or simple cupping tests (Erichsen or Olsen) are widely used for this purpose. The main parameter that can be obtained form the cupping tests is the maximum cup depth until cracking. It is assumed that the higher the depth, the better is the formability.
First estimation about the formability of sheet metals is possible on the basis of tensile and cupping test results. However, in most practical applications, formability is not only a strong function of the mechanical properties obtained from these tests, but also depends on the thickness and the surface roughness, as well. A useful technique for overall consideration of sheet metal formability is the Forming Limit Diagram (FLD), which represents all combinations of deformations during forming processes for complex parts. Therefore, the use of FLD allows estimation of sheet metal formability and serves to choose suitable process solutions.
FLD was first introduced for sheet metals by Keeler and Goodwin to represent all combinations of critical limit surface strains corresponding to failure. Limit strains are the boundary between safe and fail zones, where the region above the forming limit strain curve is the failure zone. Since limit strains of a FLD are function of material properties and processing parameters such as lubrication, sheet curvature, thickness and orientation, it provides a useful diagnostic tool for troubleshooting and understanding of sheet metal failures and for assessment of sheet formability in shop floor practice. [1] [2] [3] [4] [5] [6] This study was carried out for better understanding of the formability of steel sheets, which are formed in the shapes ranging from various household goods to automobile components in industrial applications. Formability of seven sheets has been characterized by FLDs and the effects of microstructure and mechanical properties on FLDs were evaluated.
Experimental Procedure

Materials
The chemical compositions of the steel sheets used in this study are given in Table 1 along with their carbon equivalent (CE) values, the annealing methods (AM) and the thicknesses. Steels are coded as S1 to S7 with respect to their decreasing CE values. The chemical compositions given in Table 1 reveal that, the steels coded as S1-S6 are unalloyed low carbon (LC) steels, whilst S7 is a titanium stabilized interstitial free (IF) steel. During production, S1, S2 and S5 were batch annealed (BA) while the others (S3, S4, S6 and S7) were processed in continuous annealing (CA) line. The thicknesses of the examined steels were almost the same (ϳ1 mm).
Microscopic Examinations
Longitudinal sections of the investigated steels were prepared for microscopic examinations by standard metallographic technique. After grinding and polishing, metallographic samples were etched with 3 % Nital and examined with a light optical microscope. The grain sizes (d ) of the samples were measured by utilizing the planimetric procedure of ASTM E112-96.
Mechanical Tests
Mechanical properties of the investigated steels were determined by hardness, tensile and Erichsen cupping tests. Hardness tests were conducted on the metallographic samples under a normal load of 1 kg with a Vickers indenter. Erichsen cupping tests were carried out by using a punch having 20 mm diameter. For tensile tests, specimens were machined according to ASTM E 8 standard in the directions of 0°, 45°and 90°to the rolling direction of the sheets. The gauge length and width of the tensile test specimens were 50 mm and 12.5 mm, respectively. Since n and r are the indicators of formability of sheet materials, these values were also measured during tensile testing. Strain hardening exponent (n) values of the samples were calculated from the slope of "Stress-Strain" graphs according to Holloman equation. Anisotropy coefficient (r) value, which is the ratio of width strain to thickness strain, was determined by measuring the major and minor surface strains in the gauge length of the sample at certain intervals during tensile testing. The results of the tensile tests were averaged by the formula of; where X is any tensile property at the angles of 0, 45 and 90°to the rolling direction.
Construction of FLDs
In order to construct the FLDs of the investigated steel sheets, tensile (standard and notched) and cupping test specimens were cut in rolling direction. The notch diameters of the tensile specimens were 10 mm, 20 mm, 30 mm, 50 mm and 60 mm. Cupping tests were carried out by utilizing two different punches having diameters of 20 mm and 50 mm. 3 mm diameter circular grid pattern was printed on the surfaces of the undeformed test samples by offset technique. The circles on the surfaces of the samples became ellipses during deformation. After the tests, maximum and minimum diameters of the ellipses at the vicinity of the failure regions were measured with a 24ϫ magnifier to calculate the major (e 1 ) and minor (e 2 ) engineering strains. The FLD was then drawn clearly demarcating the safe and unsafe zones.
Results and Discussion
Microstructure of the Steels
The microstructures of the examined steels are presented in Fig. 1 . In general, they have ferritic microstructure with different grain morphologies. In the microstructures of steels S1, S2 and S5 ferrite grains are relatively coarse "pancaked" or elongated in the rolling direction. Steels S3, S4, S6 and S7 exhibit equiaxed fine-grained ferritic microstructures. According to Table 1 , annealing methods of coarse and elongated grained steels (S1, S2 and S5) and equiaxed fine grained steels (S3, S4, S6 and S7) were BA and CA, respectively.
The grain sizes (d) of the investigated steel sheets are quantified in Table 2 along with their ASTM grain size number. Among the investigated sheets, S7, which is an IF steel, had the finest ferrite grains in its microstructure. When the d values of LC steels (S1-S6) are to be compared on the basis of Table 2 , the d values of the BA steels are found bigger than 20 mm. For CA-LC steels, the d values were smaller than 20 mm. Transition from a pancaked to an equiaxed microstructure is accompanied with a decrease in the d for the examined LC steels. It has been reported that, 8) the morphology and size of ferrite grains of the cold rolled and annealed steels are related with the hot rolling practice through coiling temperature and presence of stabilizing elements in the composition. In the BA steels, coarse ferritic microstructure is activated at low coiling temperatures due
to limited precipitation of N as AlN. 9) Fine grain structure of the CA steels can be attributed to the short soaking time (few minutes) of practical CA process, even at relatively high annealing temperature than that of BA. For an IF steel further grain refinement during CA can be achieved by stabilization of the interstitial atoms (C and N) by Ti. According to Osawa et al., 10) the effect of soaking time on the d of an Ti added IF steel is severe just above the recrystallization temperature. In the full recrystallization region (750-800°C), the soaking time has little effect on the d. Grain growth occurs above 850°C at extended soaking times. 10) In CA, during which recrystallization must be completed in a short time, it is necessary to hold the C content at such a low level that the recrystallization temperature is decreased to the temperature at which the furnace can be threaded.
11)
Mechanical Properties of the Steels
The mechanical properties of the investigated steel sheets listed in Table 3 are in good correlation with d (Table 2) . However, steels S1 and S7, which have the highest and the lowest CE values respectively, are in exception. The finer the d, the higher is the strength and the lower is the ductility. Among the investigated steels, the softest steels were S7 and S2, which also exhibited higher ductility and lower strength than the others. On the other hand, the highest tensile strength (TS), the highest hardness (HV) and the lowest elongation at fracture (E f ) values were obtained from S3 and S4, which were annealed with CA method after cold rolling. Among the LC steels, BA yielded relatively lower strength and higher ductility than CA. This can be attributed to relatively coarse microstructure of the BA steels, as well as precipitation of solute C on the pre-existing cementite particles during the slow-cooling stage of BA process. 9) Despite its fine grained microstructure, the IF steel (S7) exhibited very low yield strength (YS) and high ductility due to its very low concentration of C. It has been reported that the mechanical properties of CA steels are very sensitive to C level. 12) In the present study, n and r values of the investigated steel sheets were found in the ranges between 0.16-0.23 and 1.28-2.00, respectively. It is evident from Table 3 that, n and r values of S7 (IF steel) are in the ranges given for extra deep drawing quality and higher than those of the LC steels (S1-S6). Among the LC steels, higher formability characteristics were obtained from S2 having the coarsest d (Table 2 ). Similar tendency is also observed during Erichsen cupping tests (Table 3) , where the Erichsen depths (ED) of S2 and S7 are the same.
Among the steels annealed with CA method (S3, S4, S6 and S7), the lowest r values were obtained from S3 and S4, which have the finest ferrite grains in their microstructure. Although the IF steel (S7) has ferrite grains as fine as S3 and S4, it exhibited the highest r value. Higher r value and ductility and lower strength of IF steel (S7) than those of the other LC steels can be attributed to its ultra low carbon content and stabilization of interstitial C and N atoms by Ti. If the LC steels are compared with respect to their annealing method, BA steels exhibit high r values and ductility than equivalent CA steels, which are primarily related with d. It has been reported that increase of d, improves the r values of cold rolled and annealed LC steels. 1) According to Ushioda et al., 13) the crystallographic texture is the determining factor controlling r value and the most favorable texture is the {111}, which is promoted by the grain growth after recrystallization. With a newly applied lubricated ferrite rolling process, 14) a strong {111} texture intensity after hot rolling over full thickness of strip can be realized. This {111} recrystallization texture can be significantly developed by annealing after hot rolling. From a hot strip obtained in this way, r values as high as 3.0 can be obtained in cold-rolled IF steels, with an increment in deep drawability. 14) According to Gupta and Bhattacharya, 12) LC steels for production of cold rolled BA steels are unsuitable for producing formable CA cold rolled steels. Since, it is difficult to produce deep drawing quality sheets of high r value from LC Al-killed steels by CA process, IF steels have become unique steel grade for CA steel sheet for high formability. When compared to LC Al-killed steel, the largest advantage of IF steel is that, the r value practically does not depend on the rate of heating to annealing temperature. Ti treated IF steel was highlighted as material for deep drawing quality sheets because it has deep drawability by CA process. 11) In the studies concerning with the r values of the IF steels, the major parameter is the {111} texture formation by homogenous deformation of ferrite grains during cold rolling due to the weakening of grain boundary strength by scavenging interstitial elements form grain boundaries. Weakening of grain boundary strength also reduces the formation of detrimental {110} texture. 15) It is known that IF steels with the same chemical compositions can yield different r values under varying mill processing conditions due to differences in residual solute contents, in size and dispersion of the precipitates and the d. The study of Subramanian et al. 16) revealed that low slab reheating temperatures achieved removal of C to sparse and coarse dispersions of Ti precipitates exhibited a strong {111} texture and high r values, due to the higher grain boundary mobility.
FLDs of the Steels
FLDs of the investigated steels are presented in Fig. 2 . The engineering strains measured on the grids adjacent to cracked and necked regions are symbolized with hollow and solid circles, respectively. Characteristic V-shaped FLDs were constructed by intersecting the solid circles according to polynomial regression. On the FLDs, the regions corresponding to negative minor strain (tension-compression region) and positive minor strain (tension-tension region) are not symmetrical. Thus, in tension-compression region, the slope of the forming limit curve is higher and the safe zone is wider than those of tension-tension region.
The lowest limit strain of a FLD, which corresponds to 0% minor strain, is known as plain strain (FLD 0 ). Since failure appearing in cold-formed parts under pressed condition often occurs in this state, FLD 0 value represents the most critical strain state on the FLD. High value of FLD 0 means better formability. 1, 17) The FLD 0 values obtained from Fig. 2 are given in Table 4 . Among the investigated steels, the highest FLD 0 value was obtained as 0.36 from the IF steel (S7). Especially for the examined LC steels (S1-S6), FLD 0 values are consistent with the mechanical properties and microstructural features. S2 which has higher r (Table 3 ) and d (Table 2) values than those of the other LC steels, exhibited highest FLD 0 value. Low formabilities of S3 and S4 are related with their low r values, as well as their fine grained microstructure. When the LC steels are compared from the viewpoint of their annealing method, BA steels mostly achieved high FLD 0 values than those of the CA steels. Since IF steel is a suitable steel grade for CA process, 11) it exhibited higher formability from both BA and CA-LC steels.
Prediction of Formability
According to the experimental results, the effects of structural features (such as CE and d) and mechanical properties (HV, YS, TS, E f , n, r and ED) on the FLDs of steel sheets are analyzed on the basis of their effect on the FLD 0 . Since any structural parameter that directly controls the mechanical property should have indirect effect on the FLD 0 and formability through the mechanical properties.
The variations of the FLD 0 with the microstructural features (CE and d ) are shown in Fig. 3 . Since the FLD 0 increases linearly with decreasing CE (Fig. 3(a) ) and with increasing d (Fig. 3(b) ), coarse ferrite grains and low carbon content are beneficial for widening of the safe region of the FLDs.
Several theoretical approximations have been made to identify the correlations between material properties and FLDs. [4] [5] [6] [18] [19] [20] [21] [22] However, the relationships between the experimentally constructed FLDs and basic mechanical properties are scarce. The variations of the FLD 0 s (Table 4) with the results of mechanical tests (Table 3) The linear relationships between the FLD 0 s and the microstructural (Fig. 3 ) and mechanical properties (Fig. 4) of the investigated steels are empirically quantified in Table 5 with the coefficient of determination (R 2 ) values, where the proposed equation is more reliable if R 2 approaches to 1. Reliability of the equation between FLD 0 s and the microstructural features (Fig. 3) is superior for d (R 2 ϭ0.92), however the CE exhibited a low reliability (R 2 ϭ0.29). It should be mentioned that for deriving the empirical equation between FLD 0 and d, only LC steel sheets (S1-S6) were taken into account, because a significant deviation from the general trend is observed in Fig. 3(b) for the IF (Fig. 4(b) ), TS (Fig. 4(c) ), E f (Fig. 4(d) ) and ED (Fig. 4(g) ) exhibit moderate R 2 values (0.59-0.66). Since r and n are the main mechanical parameters that affect the formability of sheet metals, the influences of r and n on FLD 0 have special importance. On the other hand, it has been reported that the n values higher than 0. plains the lower reliability found for the investigated steels having n values ranging between 0.16-0.23. Therefore, r becomes the most critical mechanical property to distinguish the formability of deep drawing quality steel sheets.
Conclusion
In the present study, the formability of six LC unalloyed ferritic and one titanium-stabilized IF steel sheets having 1 mm thickness were examined by conventional mechanical tests and Forming Limit Diagrams (FLD). Several conclusions are derived from these results.
(1) According to the results of conventional mechanical tests and FLDs, the Ti stabilized IF steel exhibited the best formability.
(2) Batch annealed sheets have better formability than the continuously annealed sheets for the investigated LC steels.
(3) Since the plain strain intercept (FLD 0 ) is the most critical strain limit on the FLD, the relationship between FLD and microstructural features and mechanical properties are quantified on the basis of "FLD 0 -property" graphs. Among the investigated properties, most reliable correlations were obtained for ferrite grain size (d) as a microstructural feature and anisotropy coefficient (r) as a mechanical property in the forms of; FLD 0 ϭ0.005dϩ0.174 and FLD 0 ϭ0.121rϩ0.094, respectively.
